Abstract-An adaptive fault detection/location technique based on Phasor Measurement Unit (PMU) for an EHV/UHV transmission line is presented in this two paper set. This paper is Part I of this set. A fault detection/location index in terms of Clarke components of the synchronized voltage and current phasors is derived. The line parameter estimation algorithm is also developed to solve the uncertainty of parameters caused by aging of transmission lines. This paper also proposes a new Discrete Fourier Transform (DFT) based algorithm (termed as Smart Discrete Fourier Transform, SDFT) to eliminate system noise and measurement errors such that extremely accurate fundamental frequency components can be extracted for calculation of fault detection/location index. The EMTP was used to simulate a high voltage transmission line with faults at various locations. To simulate errors involved in measurements, Gaussian-type noise has been added to the raw output data generated by EMTP. Results have shown that the new DFT based method can extract exact phasors in the presence of frequency deviation and harmonics. The parameter estimation algorithm can also trace exact parameters very well. The accuracy of both new DFT based method and parameter estimation algorithm can achieve even up to 99.999% and 99.99% respectively, and will be presented in Part II. The accuracy of fault location estimation by the proposed technique can achieve even up to 99.9% in the performance evaluation, which is also presented in Part II.
I. INTRODUCTION

I
N POWER systems, high voltage transmission and distribution lines are vital links that achieve the essential continuity of service from the generating plants to the end users. From views of economics and quality of power feeding, the importance of fault detection/location of transmission lines is increasingly. The facts are well illustrated in the history of electrical power industry all of the world. The occurrences of fault in transmission line often engender some severe economical losses and social problems, such as producing a lots of toxic pollution in an emergency shutdown of semiconductor production line, creating a city commotion at night, etc. The more accuracy of fault detection and location has been obtained the easier task for inspection, maintenance, and repair of the line we can achieve. For a long transmission line, for example, an error in fault location of a few kilometers may still be acceptable for a relaying decision but would represent a long and hard walk in rough terrain Manuscript received February 5, 1999 . The authors are with the Department of Electrical Engineering, National Taiwan University, Taipei, Taiwan.
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for repair. Rapid restoration of service could reduce customer complaints, outage time, loss of revenue, and crew repair expense. All of these factors are increasingly importance to researchers and utilities facing challenges in competitive electric power industry. Several investigations have examined the fault detection and location in transmission lines. Among these investigations, T. Takagi et al. [1] , [2] applied the superposition principle to estimate the fault location of transmission lines. The authors proposed the Fourier transform and Laplace transform methods which both are based on single-end measured data. These approaches introduce several assumptions regarding fault resistance and current ratios. The accuracy of the results obtained depends on whether the assumptions are met or not. Also, those algorithms that based on the single-end data will seriously suffer from the errors due to the variations of source impedance, fault incidence angle, line asymmetry, and loading conditions. The only merit of the single-end methods is that they need just one terminal data.
To improve the computation of fault location, many authors suggested utilizing the information from both line ends. Present communications technology allows for use of data from both ends of transmission lines. To obtain the most accurate estimation of fault location for transmission lines, a variety of such two-ended data based algorithms have been presented, but only a few of the many references will be included in the references. M. Kezunovć et.al. [3] proposed a fault location algorithm based on synchronized sampling technique. They adopted a time domain model of a transmission line as a basis for the algorithm development. The accuracy of the proposed algorithm are well within 1% error, however, the data must be acquired at a sufficiently high sampling rate to provide adequate approximation of the derivatives, which depend heavily on the selection of the line model and the system itself. A. A. Girgis et.al. [4] proposed another fault location algorithm based upon two-end data. While Girgis' paper considered the synchronization errors in sampling the voltage and current waveforms at different line terminals, the line models employed are lump-types, which can't really reflect the effect of inter-phase coupling phenomenon. There are two-terminal fault location estimation approaches based on unsynchronized data have also been proposed by D. Novosel et. al. [5] . The authors utilized the lump-model to represent the short line and made compensation for long lines. The described schemes suit only off-line post-fault analysis.
It is worthy to note that numerical methods adopted in the previous papers are either least-square estimation method or 0885-8977/00$10.00 © 2000 IEEE Newton-Raphson iterative method, and such numerical techniques possess some errors inherently. Moreover, those papers described above haven't considered the errors involved in measurements, e.g., the nonlinear characteristics of CT and CCVT itself, the setting errors of data-processing units, the synchronization errors of timing clock in measurements, etc. A.T. Johns et. al. [6] , [7] proposed exact formulae for calculating fault location based on using post-fault voltage and current at both line ends. While the performance of the author's simulation results has been excellent, the proposed approach still does not consider the synchronization configuration of phasor measurements and are not adaptive in nature. The papers of D. J. Lawrence et. al. [8] , [9] discussed the errors involved in the measurement, the effect of parameter variation are on line model, and had field test results. However, there are some errors in fault location estimation since the authors did not utilize the parameter estimation technique to resolve the uncertainty of line parameters due to the factors such as temperature variation, asymmetry of lines, variation of power flow, etc. The performance of all algorithms mentioned so far gives satisfactory results in simulation, but have not been addressed two main factors that affect the accuracy of described approaches in detail yet. They are line parameter uncertainty and accurate calculation of fundamental phasors in the presence of harmonics, noise and frequency deviation from nominal frequency. The way of solving such problems will be discussed in this paper.
Because of the need to clear faults on major transmission lines very rapidly, several protective schemes utilizing information from travelling waves launched by disturbances have been suggested for a long period of time. The high frequency components in fault waveform present undesirable effects to most fault location algorithms and are essential for accurate fault detection and location [10] , [11] . A fault detection/location algorithm that derives from travelling wave principles can cope with high frequency transients since these basically depend on travelling wave phenomenon. The travelling wave schemes depend on identifying particular voltage and current increments from all those which arrive at the relaying point. The identification of the desired signal becomes the essential problem of the usual kind of travelling wave protection scheme. L. Jie et al. [12] proposed an adaptive travelling wave protection algorithm using two cross-correlation functions to aid effectively in the identification of travelling wave. Fault location methods utilizing travelling waves are independent of network configurations and devices installed in the network. However, travelling wave algorithm is somewhat frequency dependent, unless auxiliary cross-correlation function is utilized [12] . Besides, it is not easy to identify the local maximum of cross-correlation function for calculating fault location. The other limitations of travelling wave techniques are that they require a very high sampling rate and their implementations are more costly than implementations of impedance techniques.
To develop fault detection/location techniques that cope with various variation factors associated with accuracy of fault locators, an adaptive fault detection/location algorithm is presented in this paper. Our aim is to perform on-line the fault detection and location for any transposed three-phase line by employing the Global Positioning System (GPS) based Phasor Measurement Unit (PUM) techniques. The paper is organized into five sections, the first of which is introduction. In the section II an adaptive fault detection/location algorithm based on PMU technique is presented. In the third section, we derive fault detection/location index for a single-phase transmission line, which then is utilized as a prototype formula in three-phase case. The parameter estimation algorithm is described in section IV. The new DFT based method for fundamental phasor calculation is also described in section IV. The design and implementation of phasor measurement unit (PMU) and performance evaluation of the proposed algorithms will be presented in the Part Il. Finally, the fifth is closing remarks.
II. AN ADAPTIVE PMU BASED FAULT DETECTION/LOCATION TECHNIQUE
The overall diagram of the adaptive PMU based fault detection/location technique is shown in Fig. 1 . The phasor measurement units are installed at both ends of the transmission line. The three phase voltages and three phase currents are measured by PMU's located at both ends of line simultaneously Since the 'Global Synchronism Clock Generator (GSCG)' (this device will be discussed in Part II) has been equipped in PMU to provide an extremely accurate and reliable external reference clock signal, it can guarantee sampling synchronization to an accuracy of better than 1 -sec. The performance of the proposed PMU unit has been on-line demonstrated very well in the 161 kV substations of Taipower system. The proposed algorithms are tested with the data generated from EMTP.
The EMTP simulated voltage and current waveforms were directly taken as the synchronized sampled data (voltages and currents) from substations. The simulation examples are intentionally chosen as same with a practical 345 kV transmission line of Taipower system. In order to truly include the errors involved in the measurement procedure of phasors, the Gaussian-type [13] noise signals were added into the EMTP generated data before they are processed in the algorithm. Next , the SDFT method is used to extract close-in fundamental phasors. These phasors are then transformed by Clarke transformation. The estimation of line parameters is proceeded in the next step. At this stage, the technique has generated the correct modal components that can be utilized to calculate the index. This technique possesses both abilities for detecting and locating the fault of transmission line. It is worthy to note that the proposed technique is recursive. Hence, the proposed technique is very suitable for the on-line monitoring applications.
III. THE PROPOSED FAULT DETECTION/LOCATION INDEX
Single-phase Case:
The index using the synchronized voltage and current samples at both ends of a transmission line to calculate the location of the fault is presented in this section.
Consider an un-faulted single-phase (two-conductors in freespace) transmission line shown in Fig. 2 . Then both voltage and current measured at a distance x km away from receiving end obey the partial differential equations:
where R; L; G, and C are resistance, inductance, conductance and capacitance of the transmission line per unit length, respectively. Under sinusoidal steady state condition, the operator @=@t in Eq.(1) can be substituted by j!, and therefore Eq.(1) can be converted into two linear, second-order, homogeneous differential equations (original lowercase variable change to upper case ones which represent the phasor quantities), whose solution are V = Ae +x + Be 0x propagation constant of the transmission line respectively. Constants A and B can be determined by boundary conditions at sending and receiving ends. Suppose that a midway fault occurred at the point F which is x = DL km away from receiving end R on a transmission line SR shown in Fig. 3 . L is the total length of the transmission line, and D is the per unit distance from receiving end to the fault and is also used as a fault detection/location index. In case of a fault occurrence at the point F , the transmission line is thus divided into two homogeneous parts. One is line section SF , the other is line section F R. These two line sections still can be regarded as perfect transmission lines. This means that the voltages at any point on the two line sections can be expressed in terms of the voltages and currents measured on both ends S and R. Moreover, at fault point F the voltages expressed in terms of these two data sets (V S ; I S ) and (V R ; I R ) are identical. We can visualize that there is an pre-fault transmission line as shown in Fig. 2 . If we put the two sets of measured data (V S ; I S ) and (V R ; I R ) on the same reference position x = 0 and take into account the boundary condition on both ends, then the voltage on the fault position x = DL km can be expressed as:
Eq. It is worthy to note that no assumptions in the procedure of derivation for the fault detection/location index D are made. Hence, the index D is very robust. It will be clearly shown in simulation results that the index D is hardly affected by the variations of source impedance, loading change, fault impedance, fault inception angle and fault type. Simulations have shown that this proposed index can provide extremely accurate fault location, for example, the error is well within 300 m (about span of two transmission line towers). Moreover, the index D incorporates with the computed absolute values M and N also can be utilized as fault detector. In the case of single-phase line, the computed absolute values of M and N (Eq. (6)) will all be held at zero before the occurrence of a fault. This can be proved by substituting the measured data (V S ; I S ) and (V R ; I R ), which are used to compute M and N in Eq. (6), into the formulae of M and N . Since such measured components all satisfy the transmission line equation, i.e. Eq. (2), after algebraic manipulation, we can prove that M and N are indeed identical to zero, and hence the algorithm will give an indefinite value of fault location index through Equation (5). However, as soon as the post-fault measured data been input into the algorithm through the moving data window (described in Part II), the computed values of M and N abruptly deviated from zero, and hence the fault location index D also quickly converged to the interval of (0, 1). These facts imply that M and N incorporated with location index D could be employed as indicators of various fault events. Such performance will be explained in the simulation section (see Part II).
Three-phase Case:
Our main concern in this subsection is to extend the techniques of the previous subsection to the three-phase line. Up to now we have proposed a fault detection/location approach for a single-phase two-wire transmission line. Unfortunately, the approach can't be applied straightforwardly to a three-phase transmission line due to the coupling effect of the inter-phase.
Consider an arbitrary three-phase transmission line illustrated in Fig. 4 , which consists of phase a; b; c and a ground system consisting of earth and ground wires. Both ends of transmission line of interest are labeled by S and R. The system shown in Fig. 4 is divided into two parts. The part of transmission line is plotted in three-wire form for emphasizing the transposition configuration of the line, the other parts of sources are shown in one-line diagram for simplicity. The quantities on both ends shown in Fig. 4 are all vectors of phase voltages and currents.
As in the case of single-phase transmission lines, the voltages and currents at a distance x km away from receiving end are related through partial differential equations: 
Under sinusoidal steady-state condition, Eq. (7) can be changed into the form 
where Z C (i; i) represents the diagonal entries of 3 2 3 modal surge impedance matrix, and L is the total length of the transmission line. It should be noted that the quantities utilized in Eq. (15) could also be pure-fault data. Therefore, the effects of line loading on the accuracy the index can be eliminated.
Mode Selection
Each fault launches a set of 0, and -modal waves propagating on the lines. Under the case of transposed lines, It should be noted that, although the characteristic impedance and propagation constant of the three modes are determined by the line parameter matrices of Eq. (13), the definitions of the three modes derived by Clarke transformation are not unique. Other possibilities exist, for example, we also can get another common alternative definition by utilizing Karrenbauer transformation [14] . Therefore, it would provide another form of Table I .
We have only considered the ideal transposed lines so far, however, the transmission lines usually are un-transposed due to effects of parameters aging and asymmetry of the lines. With the advent of synchronized phasor measurement techniques, we can estimate the line parameters with very high accuracy, and therefore can find out a suitable transformation matrix by the perturbation method (see [15] ) to solve the problem mentioned above.
IV. ON-LINE PARAMETER ESTIMATION ALGORITHM AND THE NEW DFT BASED ALGORITHM
On-line Parameter Estimation Algorithm
Almost all of the existing fault detection/location techniques did not consider uncertainty about the line parameters, particularly zero-mode impedance. It can be seen from our simulation results (see Fig. 13 in the companion paper) that if there is a 620% error in line parameters can result in significant errors in fault location estimation (even up to 6.6% error approximately under b-phase ground fault). This fact has also been demonstrated by several papers [6] - [9] , [16] . With the advent of synchronized phasor measurement technique, one can obtain extremely accurate phasors. Consider the three-phase transposed transmission line shown in Fig. 4 , using the technique proposed, we can on-line monitor the status of transmission line, and extract the true phasor measurement data (V S ; I S ) and (V R ; I R ) from both line ends by the new DFT filtering approach. These data can be utilized to derive the characteristic impedance and propagation constant of transmission line inversely. Such line parameters thus can be respectively expressed as following: The entire quantities mentioned above all are the modal components of measured signals obtained by Clarke transformation, where subscript m denote 0, ; -mode, respectively. The subscripts 'S' and 'R' represent the data of sending and receiving ends respectively. It should be noted that in order to avoid zero-mode effects and uncertainties in zero-mode parameters, the zero-mode calculation is not recommended. It has been verified in field-test that the proposed on-line parameter estimation technique is extremely accurate for high voltage distribution lines. Such a parameter estimation technique can also be suitable for EHV/UHV transposed transmission case. The performance has been demonstrated by EMTP and will be discussed in the Part II in detail.
The New DFT Based Algorithm
In order to achieve a high degree of accuracy in the location of a fault, it is vitally important to be able to accurately extract the phasor quantities of fundamental frequency from the measured waveform. A new digital algorithm based on Discrete Fourier Transform, terms as Smart Discrete Fourier Transform (SDFT), is presented to meet the purpose. The SDFT not only keeps all of the advantages of DFT but also smartly take frequency deviation from nominal frequency and harmonics into consideration. This section presents the algorithm of the SDFT.
Consider a sinusoidal signal of frequency ! = 2f given by:
x(t) = X cos(!t + ) 
V. CLOSING REMARKS
In this paper, we propose an adaptive fault detection/location technique. Specifically, a fault detection/location index in terms of Clarke components of synchronized phasor measurements is derived. The parameter estimation algorithm and SDFT method have also been developed in this paper. With the advent of these algorithms the proposed technique can achieve an excellent performance for detecting and locating the fault of transmission line. In this study, we have run a great deal of ENM simulations. These simulation data are utilized to evaluate the performance of the proposed algorithm under the various fault resistances, un-synchronization errors, source-impedance variations, system frequency fluctuations, and line-parameters aging effects. These simulation results will be presented in the companion paper. 
